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X-RAY PRODUCTION I N  LOW ENERGY PROTON STOPPING 
J. W. Wilson, G. S .  Khandelwal and T. N. F o g a r t y  
A b s t r a c t  
The X-ray y i e l d s  o f  s t o p p i n g  p ro tons  i n  an i r o n - n i c k e l - c o b a l t  a l l o y  a r e  
c a l c u l a t e d  f o r  use i n  p r e d i c t i n g  r a d i a t i o n  damage i n  encased e l e c t r o n i c  
dev ices.  
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INTRODUCTION 
It i s  observed i n  some e l e c t r o n i c  dev i ces  t h a t  r a d i a t i o n  e f f e c t s  r e s u l t  
f rom low energy p r o t o n s  s t o p p i n g  i n  t h e  e x t e r n a l  c a s i n g  m a t e r i a l s  w i t h o u t  
c r o s s i n g  t h e  d e v i c e  s e n s i t i v e  r e g i o n  ( r e f s .  1 and 2). I n  o r d e r  t o  e x p l a i n  
t h i s  phenomenon, secondary r a d i a t i o n s  produced i n  t h e  c a s i n g  m a t e r i a l  a r e  
suspect. The most l i k e l y  r a d i a t i o n s  t o  p e n e t r a t e  t h e  c a s i n g  m a t e r i a l  a r e  t h e  
X-rays produced by p r o t o n  impact. I n  t h e  p resen t  no te ,  t h e  X-ray y i e l d s  from 
s t o p p i n g  p r o t o n s  i n  an i r o n - n i c k e l  -cobal  t a1 1 oy a r e  c a l  c u l  ated. 
a r e  e a s i l y  extended t o  o t h e r  m a t e r i a l s .  
The methods 
3 
X-RAY PRODUCTION CROSS SECTIONS 
h 
The K-she l l  and L - s h e l l  i o n i z a t i o n  c ross  s e c t i o n s  f o r  i r o n ,  c o b a l t ,  and 
n i c k e l  have been eva lua ted  w i t h  t h e  r e s u l t s  g i ven  i n  Tables 1 and 2, u s i n g  t h e  
work of Khandelwal , Choi , and Merzbacher ( re f .  3). The X-ray f luorescence 
y i e l d  i s  i n  c o m p e t i t i o n  w i t h  Auger and Coster -Kron ig  t r a n s i t i o n s ,  and t h e  
f r a c t i o n a l  f l uo rescence  y i e l d  i s  g i ven  i n  r e f s .  4, 5, and 6. The K-she l l  and 
L - s h e l l  f r a c t i o n a l  y i e l d s  a re  shown i n  Table 3. 
LOW ENERGY PROTON TRANSPORT 
I f  n u c l e a r  processes and s t r a g g l i n g  a r e  neg lec ted ,  t h e  p r o t o n  t r a n s p o r t  
e q u a t i o n  i s  g i v e n  as 
where $(x,E) i s  p r o t o n  f l u x  a t  x of energy E. The s o l u t i o n  i s  g i ven  as 
E where r ( E )  = l o  d E ' / S ( E ' )  and E ( X )  i s  i n v e r s e  of R(E). The r e s u l t  
( e q u a t i o n  2) can now be use'd t o  c a l c u l a t e  t h e  X-ray y i e l d s  YX(x)as 
( 3 )  
where a X ( E )  i s  t h e  macroscopic  i o n i z a t i o n  c ross  s e c t i o n  and wx i s  t h e  s h i e l d ' s  
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f r a c t i o n a l  f l uo rescence  y i e l d .  
i s  
The y i e l d  f o r  a monoenergetic beam o f  p ro tons  
where ro = R(EO) and r = R(E). The r e s u l t  i s  
- 
a s  one would presume. The t o t a l  y i e l d  Yx i n  s t o p p i n g  i s  t hen  
The r e q u i r e d  f u n c t i o n s  w i l l  now be approx imated t o  e v a l u a t e  t h e  i n t e g r a l  
( e q u a t i o n  6). 
STOPPING POWER AND CROSS SECTION PARAMETERS 
The low energy p o r t i o n  o f  t h e  s topp ing  power cu rve  was shown by Fermi t o  
be 
S ( E )  = a P'T 
The s t o p p i n g  power t o  seve ra l  MeV i s  adequate ly  approx imated by 
n 
(7) 
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h 
and i s  known t o  have a maximum a t  app rox ima te l y  Em a 100 keV so t h a t  
and 
a r e  s u f f i c i e n t  t o  de termine t h e  c o e f f i c i e n t s  a and b t o  f i n d  
E 
- 
S ( E )  = Z Sm /(I + 
E m  m 
The range i s  t hen  found t o  be 
E 
(1 +-) 
4- 
Em 
R ( E )  = 
m S 
Assuming t h e  d e n s i t y  t o  be 8.4 g/cm3 and t a k i n g  
i o n i z a t i o n  c ross  s e c t i o n s  can be reasonab ly  approx imated by 
Sm 246 keV/p, we f i n d  t h e  
which h o l d s  below 1 MeV. Th is  g i v e s  a t o t a l  y i e l d  o f  
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We have taken t h e  compos i t i on  of t h e  a l l o y  t o  be 54 percent  Fey 29 pe rcen t  N i ,  
and 17 pe rcen t  Co t o  f i n d  t h e  K s h e l l  f l uo rescence  y i e l d  f o r  1 MeV p ro tons  t o  
be 
- 
y K  = 9 x X-rays /pro ton  
To assess t h e  e f f e c t s  o f  t hese  X-rays on d e v i c e  performance r e q u i r e s  
a d d i t i o n a l  t r a n s p o r t  c a l c u l a t i o n s  of t h e  X-rays th rough  t h e  d e v i c e  i t s e l f .  
CONCLUDING REMARKS 
The p resen t  fo rma l i sm p rov ides  a means o f  e s t i m a t i n g  t h e  X-ray p r o d u c t i o n  
i n  p r o t o n  exposures. The f l uo rescence  y i e l d  may be used as source terms i n  a 
p h o t o n / e l e c t r o n  t r a n s p o r t  code t o  f u r t h e r  eva lua te  t h e i r  e f f e c t s  on dev i ce  
performance. 
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Table 1 - K-shell I o n i z a t i o n  Cross Sect ions  ( b )  as a Func t ion  
o f  Pro ton  Energy (MeV) 
E Fe co N i  
0.1 0.054 .035 .021 
0.5 11.0 8.49 5.86 
1.0 70.8 50.3 35.5 
c 
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Table 2 - L - s h e l l  I o n i z a t i o n  Cross Sec t ions  ( b )  
as  a F u n c t i o n  o f  Proton Energy (MeV) 
E Fe co N i  
0.1 4.27E4 2.71E4 1.62E4 
0.5 3.68E5 2.80E5 2,0665 
1.0 5.28E5 4.14E5 3.25E5 
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Tab le  3 - F r a c t i o n a l  F luorescence Y i e l d  
Element 
- 
K w 
c 
Fe 
co 
N i  
0.34 
-0.37 
0.41 
6.4E - 3 
7.7E - 3 
9.1E - 3 
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